Protti A, Dong X, Sirker A, Botnar R, Shah AM. MRI-based prediction of adverse cardiac remodeling after murine myocardial infarction. Am J Physiol Heart Circ Physiol 303: H309 -H314, 2012. First published May 25, 2012; doi:10.1152/ajpheart.00208.2012 results in adverse cardiac remodeling leading to heart failure and increased mortality. Experimental mouse models of MI are extensively used to identify mechanisms underlying adverse remodeling, but the extent of remodeling that occurs may be highly variable and can limit the utility to discover new disease pathways. The ability to predict the development of significant late post-MI remodeling would be invaluable in conducting such studies by increasing throughput and efficiency. This study aimed to identify potential thresholds of cardiac magnetic resonance imaging (MRI) parameters measured early after murine MI that would predict the development of significant adverse remodeling at 4 wk. MI was achieved by permanent coronary ligation and animals (n ϭ 84) were followed up for 4 wk subsequently. MRI was used to assess left ventricular (LV) volumes, mass and ejection fraction, as well as infarct size (IS). Late gadolinium enhancement cine-MRI was performed at 2 days with standard cine-MRI at 30 days post-MI. Utilizing multiple logistic regression, we found that IS Ͼ36%, at 2 days post-MI, was the overall best single predictor of adverse remodeling at 30 days (sensitivity 80.7%, specificity 88.9%; C-statistic of 0.939 from receiver-operating curve analysis). LV end-systolic volume (LVESV) Ͼ32 l was also an excellent predictor comparable to IS. The combination of IS Ͼ36% and/or LVESV Ͼ32 l provided the highest predictive values for late adverse remodeling among multiple predictors. This study demonstrates that MRIbased estimation of IS and ESV during the acute phase of murine MI are good predictors of subsequent adverse remodeling that may aid experimental design. remodeling prediction; magnetic resonance imaging; infarct size; ejection fraction MYOCARDIAL INFARCTION (MI) is commonly followed by adverse left ventricular (LV) remodeling involving significant changes in LV geometry and function (4). Such adverse remodeling contributes to impaired cardiac function and is a major cause of heart failure and increased mortality (25). Experimental models of MI, for example, as induced by permanent coronary ligation in gene-modified mice, are extensively utilized to elucidate pathophysiological and molecular mechanisms underlying cardiac remodeling that could be therapeutically targeted (5, 17, 18, 22, 23, 27) . The extent of adverse remodeling that occurs after experimental MI in murine models, as manifest by an increase in LV end-diastolic and end-systolic volumes (LVEDV and LVESV, respectively) and a reduction in ejection fraction (EF), can be highly variable and can limit their utility to discover new disease pathways (23, 29) . This is most likely related to variations in the severity and extent of myocardial injury that is induced by coronary ligation in mouse models (15, 23, 28, 29) . The ability in such preclinical models to predict at an early stage whether a sufficient infarction has been induced to result in significant delayed remodeling would be invaluable in improving the design, throughput, and efficiency of such studies.
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In clinical practice, the prediction of delayed cardiac remodeling is an important aim that aids decisions regarding early therapy (8, 10, 16) . Many different methods of such prediction have been studied among which imaging modalities such as cardiac magnetic resonance imaging (MRI), which provide accurate and reproducible assessment of functional and volumetric parameters of the left ventricle in vivo, are considered especially promising (2, 6, 9, 13, 16) . MRI has high accuracy in quantifying not only volumes and mass in remodeling murine heart but also infarct size (IS; Refs. 3, 7, 20, 21, 26) by the use of late gadolinium enhancement (LGE) in the acute phase (1, 3, 19) . We therefore hypothesized that MRI-based parameters measured in the acute phase after experimental murine MI could predict the extent of delayed adverse remodeling. We found that the occurrence of significant adverse remodeling, as assessed by MRI studies performed 4 wk post-MI, could be predicted from the estimation of IS (by LGE) and LVESV in the acute phase after MI. Significant adverse remodeling was defined as an increase in LVEDV Ͼ84 l after a statistical analysis.
METHODS
Animal model. All in vivo procedures were conducted in accordance with the Guidance on the Operation of the Animals (Scientific Procedures) Act, 1986 (UK Home Office) and approved by the Institutional Health Committee. Female C57Bl/6J mice (n ϭ 84) weighing 18 -24 g were subjected to MI by left coronary artery ligation surgery (11, 14) . Mice were anesthetized with 2% isoflurane/ 98% oxygen and underwent endotracheal intubation and ventilation using a small animal ventilator (Hugo Sacks Elektronic). A lateral thoracotomy was made, the thorax was opened in the fourth intercostal space, and the pericardium was removed. The left coronary artery was ligated using 8/0 Ethilon suture at a level between 1 and 2 mm below the tip of the left atrium. Successful ligation was confirmed by regional blanching of the LV, extending to the apex. The chest wall was then repaired in layers, and the animals were weaned from the ventilator. Animals were recovered in a warmed chamber for Ն6 h. Perioperative analgesia with buprenorphine intramuscularly and flunixin subcutaneously was used.
Seven female C57Bl/6J mice weighing 18 -24 g were used as control mice. No surgical operations were performed on those mice.
Animal MRI. At 2 and 30 days after MI, cardiovascular MRI imaging was performed on a 7T horizontal MR scanner (Varian, Palo Alto, CA) with mice positioned in the prone position. The gradient coil had an inner diameter of 12 cm, 1,000 mT/m (100G/cm) gradient strength, and rise-time of 120 s. A quadrature transmit/receive coil (RAPID Biomedical) with an internal diameter of 39 mm was used. Anesthesia was maintained with 1.5% isoflurane/98.5% oxygen, and body temperature was maintained at 37°using a warm air fan (SA Instruments, Stony Brook, NY). The ECG was monitored via two metallic needles placed subcutaneously into the front paws. A pressure-transducer for respiratory gating was placed on the abdomen. To synchronize data acquisition with the ECG and to compensate for respiratory motion, simultaneous ECG triggering and respiration gating (SA Instruments) were applied.
LGE MRI was performed 20 min after intraperitoneal injection of a 30-l bolus of 0.5 mmol/kg gadolinium-diethylenetri-amine-pentaacetic acid (Magnevist, Schering Healthcare; Ref. 19) .
Cardiac MRI sequences.
LGE cine-MRI was used at day 2 post-MI to acquire gadolinium enhanced images as reported in our previous work (19) . The same cine imaging technique (without LGE) was used at day 30 where no injection was needed. Cine-MRI allowed the acquisition of temporally resolved dynamic short-axis images of the heart. This gradient echo sequence maintains the steady-state during the entire scan. Spoiler gradients (1 ms, 100 mT/m) were applied after each data acquisition readout to dephase the transverse magnetization before the application of the next radio frequency excitation pulse.
LGE cine-MRI was performed with single ECG gating and 20 min after gadolinium injection. Imaging parameters included the following: repetition time ϭ RR-interval/number of frames (typically ϳ 9 to 10 ms); echo time ϭ 1 ms; field of view ϭ 25 ϫ 25 mm; in-plane resolution ϭ 0.195 ϫ 0.195 mm; slice thickness ϭ 1 mm; matrix size ϭ 128 ϫ 128; flip angle ϭ 40°; 3 averages; 9 slices at 2 days, 11 slices at 30 days; 1 k-space line/frame; multiple frames were acquired per cardiac cycle to study the dynamic contraction of the heart; acquisition time was ϳ8 min. Acquisitions were synchronized with the peak of the QRS complex. Systolic and diastolic frames were achieved and the following functional/volumetric parameters were estimated: EF, LVEDV, LVESV, stroke volume (SV), IS, and LV mass.
Infarct area analysis by MRI. Infarct area analysis of MRI images at day 2 was performed using a semiautomated in-housedeveloped cardiac preclinical computer software program (19) . This program allows delineation of the infarct region based on myocardial pixel intensity and thresholding, thus minimizing manual intervention. At 2 days post-MI, the myocardium did not demonstrate significant reduction in wall thickness compared with healthy animals. Hypertrophy was not observed either. Hence, the IS was calculated as follows: (1) where area inf is the LV infarcted area of the end diastolic frame as identified by LGE and areatot is the entire LV end-diastolic area. This method is valid since slice thickness is constant during MRI scanning, and hence actual areas may be summed to calculate infarct size.
At the 30-day time point, infarct size was calculated by applying a midline approach for quantification of thinned myocardium, which has been shown to be as reliable as the area or the length-based approach (23 (2) where midlineinf was achieved by estimating the length of the infarcted myocardium by manually drawing a line. Midlinetot represents the length of the midline drawing along the entire LV septum.
MRI is subject to the problem of out-of-plane motion due to twisting of the heart but this is minimal at end diastole. Intraobserver variability for IS was attained from the measurement differences between the first and second segmentation of observer A. Interobserver variability was estimated by the difference between data sets segmented by two observers A and B. Variability was assessed on 10 animals at 2 and 30 days, respectively.
Calculation of SV, EF, and LV mass. Parameters such as SV, EF, and LV mass were obtained from cine-MR images at 2 and 30 days (21) .
expressed in microliters.
EF ϭ SV/EDV * 100 (4) expressed in percentages.
LV mass ϭ ␥ myocardium ͚ apex base (epicardial volume Ϫ endocardial volume)*slicethickness (5) expressed in grams (12) . The specific gravity (␥) of the myocardium is 1.055 g/cm 2 . The aforementioned cardiac preclinical computer software automatically calculated all the parameters after detecting epicardial and endocardial LV borders for end diastolic and end systolic frames.
Statistical analysis. Based on an analysis of LVEDV and EF at the 30-day time point, the animals subjected to MI could be divided into two groups, one that showed significant adverse remodeling as indicated by increased LVEDV [high remodeling (HR)] and a group that showed little or no remodeling [low remodeling (LR); see RESULTS]. Significant late LV remodeling was defined as an increase in LVEDV Ͼ84 l that corresponded to an increase of 68% to the average LVEDV value of noninfarcted animals (control). An independent t-test was used to compare the HR and LR group data. P Ͻ 0.05 was considered significant. The relation between LVEDV at 30 days and variables at 2 days was initially established by applying a receiver operating curves (ROC) analysis with IBM SPSS software.
Subsequently a multiple logistic regression analysis was used to assess predictors of delayed severe remodeling from the early stage data set, i.e., parameters that could distinguish between the HR and LR groups. Analyses were performed on IBM SPSS. Sensitivity was calculated as the number of animals predicted to be in the HR group from the 2-day data set divided by the number that were actually found to be in the HR group (here called eHR) after the application of the 2-day cutoff condition. Specificity was calculated as the number predicted to be in the LR group from the 2-day data set divided by the number actually found to be in the LR group (here called eLR) after the application of the 2-day cutoff condition. Positive (ϩLH) and negative (ϪLH) likelihood ratios were calculated as:
positive likelihood ratio ϭ sensitivity/͑1 Ϫ specificity͒ (6) negative likelihood ratio ϭ specificity/͑1 Ϫ sensitivity͒ (7)
RESULTS
Adverse remodeling post-MI markedly modifies the geometry of the ventricle and functional and volumetric parameters. Figure 1 shows representative MR images of an infarcted heart at 2 and 30 days at slice-matched positions. Figure 1A shows an LGE short axis image where the infarcted region is characterized by signal enhancement. Infarcted, viable myocardium and blood are well differentiated as reported in our previous article (19) . At 30 days, dilatation of the LV and thinning of the infarcted region are shown (Fig. 1B) .
The range of delayed remodeling observed after experimental MI in our cohort of 84 mice was analyzed by quantifying LVEDV and EF at 30 days post-MI. When the data for LVEDV vs. EF were plotted, two groups could be distinguished, which displayed different gradients (slopes). Although a complex fit of the entire data set could be attempted, as a simple approach to distinguish between the groups, we fit the data using a linear relationships (Fig. 2) . One group showed relatively modest reductions in EF down to ϳ40% (i.e., LR). The HR group showed, instead, substantial reductions in EF to ϳ15% and LVEDV increased by an average of 154% (i.e., HR). A similar separation could also be defined on the basis of an LVESV against EF or IS plot (data not shown). Based on this analysis, we defined significant adverse remodeling as an increase in LVEDV Ͼ84 l that corresponded to an increase of 68% to the average LVEDV value of controls animals. LVEDV value of 84 l at 30 days post-MI was used as the cutoff between HR and LR groups (Fig. 2 ).
An LVEDV Ͼ84 l cutoff at 30 days divided the group of 84 MI mice into a HR group comprising 57 animals (68%) and a LR group comprising 27 animals (22%). Table 1 reports the mean values (ϮSD) for various contractile parameters and for IS in these two groups, both at 30-day and at the 2-day time point. When comparing these results to that of the control group, also reported in Table 1 , the LR group is significantly different from the latter only in few of the parameters. In addition, it is evident that the HR group had a larger IS at 2 days as well as a lower EF and higher LVEDV and LVESV. Inter-and intraobserver mean difference for measurement of IS were Ϫ0.9 Ϯ 1.2 and 0.8 Ϯ 1.0% at 2 days post-MI. At 30 days, post-MI inter-and intraobserver mean differences were 1.3 Ϯ 4.6 and Ϫ1.9 Ϯ 5.1% respectively. We then assessed the relationship between 2-day values of IS, LVEDV, and LVESV and the 30-day value of LVEDV Ͼ84 l by ROC analysis (Fig. 3) . EF was found to be a nonsignificant predictor (data not shown).This analysis showed that IS, LVESV, and LVEDV were significant independent predictors of 30 days LVEDV. IS appeared as the best early stage predictor with a C-statistic (area under the curve) of 0.939. The C-statistic for LVESV and LVEDV was 0.899 and 0.820, respectively. SV and EF reported nonsignificant values.
To generate and assess cutoff values from measurements at the 2-day time point that could be used to predict HR, we took the mean value of parameters in the HR group at 2 days plus 1 SD (for EF) or Ϫ1 SD (for other parameters) and then tested the sensitivity, specificity, and likelihood values for predicting LVEDV Ͼ84 l at 30 days (Table 2 ). Such multiple logistic regression analysis showed that 2-day cutoff values of an IS Ͼ36% or an LVESV Ͼ32 l both provided excellent prediction. The IS cutoff provided the overall best combination of sensitivity, specificity, and likelihood values. The combination of IS and LVESV (IS Ͼ36% and/or LVESV Ͼ32 l) was also an excellent predictor of adverse remodeling. EF resulted in a better prediction than LVEDV.
DISCUSSION
Cardiac remodeling after experimentally induced MI in the mouse is recognized to be variable, related to the difficulty in achieving equivalent infarcts across a group of animals, and also dependent on the skill and training of the mouse surgeon. The ability to predict delayed remodeling from measurement of early stage functional/volumetric parameters would be extremely valuable for instance in the study of MI in animals with different phenotype. Without the "baseline" values and cutoff conditions reported in this work, the understanding of an improvement or worsening in adverse remodeling of, for example, transgenic mice model, would be very challenging and probably resulting in misleading outcomes.
In this work, we demonstrate that measurements of IS and LVESV quantified by LGE MRI in the acute phase after MI provide excellent prediction of significant late cardiac remodeling. This is consistent with the knowledge from clinical human studies that IS is a good predictor of delayed remodeling (6, 13), but measurement of IS in the mouse heart is of course much more challenging than in the human heart. The data are also consistent with prior studies (26) in other animals models showing a good correlation between IS and other functional/volumetric parameters.
In the longitudinal study reported herein, it was interesting to note that the animals studied 30 days after MI separated into two broad groups, where one of the groups showed significant LV dilatation. This group shows also lower EF and larger IS. This suggests that myocardial injury below a threshold level may induce only relatively minor reduction in global contractile function (down to an EF of ϳ40%) and that this is not Values are means Ϯ SD, and P values related to positive and negative groups are reported. Myocardial infarction (MI) functional and volumetric parameter for high remodeling (HR) and low remodeling (LR) groups at 2 and 30 days. EF, ejection fraction; IS, infarct size; LVEDV and LVESV, left ventricular end-systolic and end-diastolic volume; SV, stroke volume; NA, not applicable. accompanied by substantial LV dilatation. A similar separation of groups could also be obtained with the use of IS instead of EF. Based on analysis of data at the 2-day time point in the group that showed significant remodeling vs. the one that did not, we identified potential predictors of remodeling.
Cutoff points at 2 days post-MI were derived from values of the HR group at early stage. Such cutoffs were used in a multiple logistic regression analysis to identify the best parameters to predict remodeling at 4 wk. An IS Ͼ36% as quantified by LGE MRI provided the best single predictor of positive remodeling. Such a choice was justified by high sensitivity, specificity, and likelihood values. Likelihood values give a measure of how well sensitivity and specificity work providing essential information in the selection of the best overall predictor. LVESV Ͼ32 l was also a good predictor working almost as well as IS. Although single parameter predictors are easier to use than the more sophisticated combinations of multiple predictors, the combination of IS and/or LVESV achieved excellent predictive accuracy and might also be useful in studies where even higher accuracy of remodeling forecasting is required. The properties of the early IS measurement by LGE MRI (2 days post-MI) are also revealed in the excellent correlation between this measurement and the area of scar measured at 30 days. None of the other functional/ volumetric parameters correlated this well. Note that a multiple logistic regression analysis is essential in providing specific cutoff values while the ROC curve is only able to indicate which parameter can be consider to be a good predictor.
There are some limitations to the current study. We only studied female C57Bl6 mice and so the precise thresholds might be different in male mice, different ages, or other strains. However, C57Bl6 is the most commonly studied strain in such studies. The use of intraperitoneal as opposed to gadolinium administration to estimate IS could introduce some variation although it achieves simplicity. We assumed that IS would be very similar or equivalent to area at risk since we used a permanent coronary ligation model. The occurrence of arrhythmia after infarction could complicate functional measurements, although this was not found to be a significant problem in the current study.
From a practical point of view, the MRI scans could be undertaken in ϳ10 min using a single cine-FLASH MRI acquisition for each animal at each time point (2 and 30 days).
For the 2-day scan, gadolinium was injected 20 min before LGE acquisition. Therefore, a single MRI scan at the 2-day time point could easily be used to categorize the animals into those that had a high likelihood of developing significant LV remodeling. This can be extremely advantageous in the study of mouse remodeling after MI. Echocardiography is a commonly used method in mouse MI studies and allows serial noninvasive imaging. Conventional mouse echocardiography systems are limited by the fact that the imaging is only two-dimensional so that volume quantification may be subject to error in the asymmetrically remodeling heart after MI. Although three-dimensional echocardiography could overcome this limitation, the major advantage of MRI for the purpose of predicting remodeling is the ability to estimate IS by LGE. Additional MRI techniques such as myocardial tagging or DENSE could also be implemented to obtain information on regional myocardial function. The use of MRI does not obviate the utility of invasive approaches to assessment of contractile function such as pressure-volume analysis, which indeed provide more information on contractile function, but these are terminal procedures and therefore unsuitable for serial studies.
In conclusion, the assessment of early IS and LVESV with the MRI cine-FLASH LGE technique provides a powerful way of predicting which mice are likely to develop significant late remodeling (ventricular dilatation). This method provides accurate data to establish precise cutoff conditions, such as an IS Ͼ36% or LVESV Ͼ32 l, that can be used to significantly increase the efficiency of experiments designed to study delayed remodeling in mouse models.
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